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One of the major issues faced by the minerals industry is the increasing restriction in the use and 
release of chemical compounds detrimental to the environment or to the health and safety of workers. 
Some biological processes have already been success folly adopted with technologies such as the 
bacterial oxidation or refractory sulphides and the degradation of cyanide compounds in tailings. 
Their foil potential however has not yet been fully explored, due largely to a lack of interaction 
between the fields of mineral processing and microbiology. This paper outlines the basic principles 
behind those biological processes which have been adapted for minerals processing, as well as those 
that may have potential application in the foture. 
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1.0 Introduction 
The application of biological processes to mineral processing represents significant potential for 
research and the development of new technologies offering reduced operating costs and/or 
environmental impact. Although a number of technologies have been developed and are already in use 
commercially, there is often some reluctance towards adopting them due mainly to the inherent risks 
associated with any new technology. It is also seemingly due in part to a reluctance to deviate from the 
well-understood physical/chemical based technologies to those based on microbiology, something 
which is typically not well understood by those involved in the mineral processing industry. It can 
equally be said however that most microbiologists would have little understanding of how biological 
processes might be applicable to the extraction of metals, so a greater collaboration between the two 
disciplines is essential for the development of new technologies, and for the optimisation of those 
technologies already in use. 
2.0 Bacterial Oxidation of Refractory Sulphides 
Technically this technology has been in use for over a century with the selective mining of oxidised 
zones of refractory orebodies. It was however another 50 years before the mechanism behind the 
oxidation was first recognised with the identification of the bacterium Thiobacillus ferrooxidans, now 
known as Acidithiobacillus ferroxidans (or Acidothiobacillus ferroxidans). 
Identification of the mechanism by which oxidation occurs, or more specifically agreement on which 
proposed mechanism is correct also took time. This however did not prevent research into the 
optimisation of reactor design, determination of ideal conditions for maximum bacterial activity, and 
adaptation of bacterial strains for a higher tolerance towards metals in solution such as arsenic. Nor did 
it prevent the commissioning of the first commercial plant for liberating gold locked in solid-solution 
within pyrite and arsenopyrite. 
Despite the successful use of bacterial oxidation for treatment of refractory ores there is still a lot that is 
not known about the mechanism by which this occurs, and which bacterial strains are the most 
influential in the process (as opposed to those which are simply the most readily cultivated in a 
laboratory, and therefore the easiest to study). Early theories attributing oxidation to a direct, 
enzymatic attack on the minerals by the bacteria have since been disproved by the experimental work 
of a number of researchers, with the currently accepted mechanism one in which the bacteria simply 
assist in speeding up mineral oxidation reactions. 
There have been a number of different bacterial strains identified in bacterial oxidation plants including 
not only those strains in the initial start-up culture but also other, unique strains believed to be native to 
that particular ore deposit/location (and more than likely responsible for any natural oxidation that 
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occurs in the area). It is also believed that the bacterial population may be widely variable over a given 
period of time, with the dominance of a particular strain over others highly dependent on variations in 
the feed ore material and operating conditions. 
Typically bacterial oxidation has focused around mesophilic (moderate temperature) organisms such as 
Acidothiobacillus ferrooxidans. Acidothiobacillus thiooxidans and Leptospirillium ferrooxidans which 
operate best at temperatures between 35 and 45DC. Bacteria that thrive under much higher 
temperatures, such as moderate thermophiles like Sulfobacillus acidophilus (45 to 65DC) and extreme 
thermophiles like Sulfolobus (65 to 80DC), may also have potential for commercial application owing to 
the faster kinetics of oxidation achievable at higher temperatures. There is also the possibility that such 
bacteria may also prove effective for the oxidation of sulphides which have so far proved unamenable 
to bacterial oxidation due either to extremely slow reaction kinetics or the release of toxic metal ions 
into solution. 
Depending on the particular strain, the bacteria found infused for bacterial oxidation derive the energy 
they need from the oxidation of iron and/or sulphur. However they also require phosphorous, oxygen, 
carbon and nitrogen, along with small quantities of other trace elements to support the oxidation 
reactions and provide the necessary elements for cell growth. Since most bacteria associated with 
bacterial oxidation are autotrophic, meaning they can utilise an inorganic carbon source such as CO2, 
compressed air is capable of providing most of the requirements of the bacteria with additional 
nutrients provided for in the ore gangue material and/or the addition of a nutrient mix. 
Another distinctive feature of these bacteria is the fact they operate best in an extremely acidic 
environment (PH = 1.0-1.8). Since proteins tend to degrade under acidic conditions these acidophilic 
(acid-loving) bacteria have evolved means of physically "pumping" hydrogen ions from the centre of 
the cell, thus maintaining it at a pH much closer to neutral. Although the occurrence of highly acidic 
environments in nature is limited the bacteria do have the advantage of effectively having these 
environments to themselves, with minimal need to compete for available resources. This also provides 
a significant advantage for their commercial use as it eliminates the need to operate the process under 
the sterile conditions required for most other industrial processes requiring the use of micro-organisms. 
It also prevents the bacteria from existing outside of the oxidation process making it highly improbable 
they could produce any adverse health problems for humans. 
The main mechanism of sulphide oxidation is believed to be a purely chemical process resulting from 
the reaction ofthe mineral with oxygen, for example pyrite: 
However this reaction will proceed much faster in the presence of bacteria. 
In addition the iron (II) sulphate produced by this chemical reaction can also be utilised by the bacteria 
where: 
This in tum results in another chemical process: 
This reaction is particularly important not only because it provides an additional mechanism for 
dissolution of the pyrite but also because the sulphur that is produced can result in the formation of a 
passive layer on the surface of the mineral inhibiting further oxidation. This is the reason why bacteria 
that exist only on sulphur may not be just as important as the iron-oxidising strains. 
The basic reaction for this removal of sulphur can be written as: 
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It is for this reason that lime and/or limestone is added to the bacterial oxidation process. Although the 
bacteria thrive under acidic conditions, this sulphuric acid by-product can soon lead to pH levels 
dropping below that tolerable by the bacteria, which is normally compensated for by an appropriate 
decrease in bacterial activity. Obviously for a commercial operation this is not desirable and the 
neutralisation of this acid allows bacterial activity to be maintained and helps prevent the build up of 
sulphur by improving the reaction kinetics of the sulphur oxidation. 
The temperature range over which these bacteria can grow is often reasonably broad, however there is 
usually only a narrow temperature range for which the optimum growth can be maintained. Since the 
reactions involved in oxidation are all exothermic heat generally does not need to be provided for the 
bacteria, which is why it has been used effectively for heap operations. More conventional bacterial 
oxidation using stirred reactor vessels however typically require a cooling system capable of 
maintaining the narrow temperature range, adding significantly to the cost and complexity of the 
process. However in some applications there may be an opportunity to utilise this "waste" heat 
elsewhere in the plant, potentially small gains to be made due to increased reaction kinetics or 
decreased viscosity which are normally overlooked due to the prohibitively high costs associated with 
heating liquids with electricity or gas. 
The biggest disadvantage to bacterial oxidation with stirred tanks lies in the fact that any process reliant 
on living organisms is a lot more complex to control than a purely chemical or mechanical one. Any 
mistakes or problems with a bacterial oxidation circuit may not be readily apparent due to "lag time", 
and by the time a significant drop in activity has been noted it may well be too late to prevent serious 
problems. Bacterial populations also require a significant amount of time to adapt to variations in 
conditions, which limits the ability to process vastly different oreslblends through the one plant. 
One positive aspect to bacterial oxidation however is that with the neutralisation of the liquor from the 
bacterial oxidation process the As(V) present in solution is precipitated as ferric arsenate which is 
considered stable and safe for disposal. A potential application for bacterial oxidation technology 
could therefore be in the treatment of mine wastes, particularly if the costs associated with processing 
are less than the financial and social costs that might be associated with the release of arsenic into the 
local environment. 
3.0 Differential Flotation 
The ability of some bacteria associated with the oxidation of sulphides to attach to the surface of 
sulphide minerals is obviously beneficial to the survivability of the bacteria. However there is also the 
potential to exploit this selective attachment for differential flotation, since the presence of such 
bacteria renders the mineral surface hydrophilic and can prevent the attachment of collector reagents. 
This has already received much attention into the potential application for the separation of pyrite and 
coal by flotation. 
The mechanism by which bacteria are able to attach to sulphides is something which is not yet fully 
understood, and with further research into this phenomenon it may be possible to utilise bacteria in the 
flotation of sulphides by the use of a natural or modified bacteria capable of selectively attaching to 
specific sulphide minerals. 
The preference for bacteria to oxidise certain sulphides over others may also have application to 
flotation. By utilising a short residence time biological oxidation reactor prior to flotation it may be 
possible with some ore types to produce enough surface oxidation on one sulphide phase so as to allow 
a far greater collector selectivity, improving the grade of the concentrate or allowing the use of less 
selective, and cheaper, collector reagents. 
4.0 Destruction of Hydrocarbons and Organic Material 
The presence of certain organic material during the cyanidation of gold-bearing ores can prove 
detrimental to metal recovery due to the phenomena known as "preg-robbing". Current methods for 
the destruction of this material involve roasting to high temperatures (450-700°C) or autoc1aving at 
180-200°C, processes which are expensive or result in the release of CO2 which may render them 
economically unviable in the future due to carbon taxing. 
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An alternative solution is to utilise those micro-organisms responsible for the natural oxidation of such 
materials when exposed to the surface. The difficulties in commercialising this process lie in having 
sufficient storage capacity available for the required residence time, typically measured in tenns of 
days, and in ensuring conditions are optimised to maintain the maximum rate of metabolism. To date 
research into this field appears to have focused solely on naturally occurring micro-organisms; however 
a means of accelerating the process may lie in the enzymes produced by some fungi for the degradation 
of organic material. The technology for producing enzymes in large quantities by alteration of bacteria 
which are able to be grown far more easily and in far greater concentration is already well developed, 
being used for such things as the production of enzymes for laundry detergents. If the enzymes 
responsible for the degradation of preg-robbing organic material could be mass produced in a similar 
manner it could allow for a more conventional stirred tank process, eliminating the more technical and 
expensive elements associated with large scale bacterial reactors. 
Organic materials can also be an issue for mineral processing plants other than gold. Tightening 
emissions regulations and the re-working of old deposits located in close proximity to major residential 
populations has meant a greater focus on the release of chemicals such as flotation reagents, flocculants, 
lubricating fluids etc. into the natural environment. Minimisation of such waste or the use of less 
damaging reagents is the ideal solution, but may be detrimental to plant perfonnance. The use of 
micro-organisms to degrade such materials has been well studied and employed commercially, 
particularly for the degradation of hydrocarbons. Bacteria have also been used for the destruction of 
cyanide compounds in tailings, and fungi have been used for remediation of a variety of mine wastes, 
including explosive residues. 
Where difficulties can arise is in the development of synthetic reagents which may not have a natural 
biological degradation pathway. This is not of course to say that biological degradation can not occur, 
with the discovery of bacteria capable of metabolising a variety of man-made organic compounds 
highlighting the great adaptability of micro-organisms to niche environments and energy sources. It is 
possible that in the future development of new reagents may require the co-development or 
identification of a means of breaking them down into compounds more readily incorporated into 
natural processes before approval for their use is granted. 
5.0 Bio-Leaching 
The use of bacteria to leach metals from ores has received much attention and is commonly used for 
the recovery of copper as both heap and stirred tank processes. The logical extension of this 
technology is the in-situ leaching allowing recovery of metals without the need for moving the ore. 
Such technology has already seen some application however this has been limited due to the long time 
period required before income can be generated, and the difficulties in ensuring high penneability of 
the ore whilst maintaining low penneability of the host rock. This latter problem however may be 
overcome by precision use of explosives to fracture the ore, with liquid membranes being injected into 
drill holes in the host rock to provide a protective barrier between the leach solution and the natural 
water table. 
Potential also lies in the ability for some bacteria to extract metal ions from solution, incorporating 
them within their cellular membrane in a reduced valence fonn. Not only can this allow for the 
removal oftoxic metal species such as the conversion of chromium (VI) to chromium (III), but can also 
allow for the precipitation of metals, such as the conversion of gold (III) to gold (0). Bacteria could 
therefore provide a means for the economic recovery of metals from extremely low concentration leach 
solutions. Or allow the use of alternative leach solutions currently deemed unsuitable due to their 
inability to achieve high metal loadings or current lack of a suitable method for metal recovery from 
solution. 
6.0 Conclusion 
The processes described in this paper are by no means the only possible applications of micro-
organisms to an industry which has certainly not hesitated in the past in "borrowing" from other fields 
of science any technology that may assist in the recovery of metals. This does of course emphasise the 
importance in mineral processing research to look at more than just the optimisation of existing 
technology and continue to look for completely new techniques. With mining companies likely facing 
ever tightening emissions restrictions biological processes offering reduced environmental impact, or 
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even simply the perception of reduced environmental impact will more than likely become 
commonplace, at least for the recovery of some metals. For other metals however micro-organism 
based processes may never be viable, and for those it's likely that totally new techniques will need to 
be developed. 
